INTRODUCTION
Biogeography is a discipline which seeks to explain the distribution of organisms, and the means by which the patterns of distribution have arisen. The discipline is not unified, and biogeographers may seek dispersal (e.g., Simpson, 1965; Briggs, 1974) , ecological (MacArthur and Wilson, 1967) or historical (e.g., Croizat, 1958 Croizat, , 1964 Taylor, 1960; Cracraft, 1974; Croizat etai, 1974) approaches. This paper will not debate these schools of thought, but will explore an avenue presented by historical biogeography.
Historical biogeography attempts to identify general patterns of earth history by finding concordant geographical tracks among monophyletic assemblages of diverse organisms (Croizat, 1964; Rosen, 1975) . The assumption is that present distributions represent fragmented portions of formerly widespread ancestral biotas. The coincidence of these tracks (formalized definitions appear in Croizat et ai, 1974) indicates past vicariant geological events that resulted in similar patterns of allopatric speciation among the assemblages (e.g., see Rosen, 1975 Rosen, , 1978 ; sym-1 From the Symposium on Alternative Hypotheses in Biogeography presented at the Annual Meeting of the American Society of Zoologists and the Society of Systematic Zoology, 27-30 December 1980, at Seattle, Washington. patry of closely related forms is taken as evidence of dispersal (Croizat et al., 1974; Rosen, 1978) . The vicariance model is attractive because biogeographic hypotheses can be stringently formulated to be internally consistent, capable of prediction, and potentially falsifiable (Ball, 1974) . Platnick and Nelson (1978) have discussed rules for erecting and falsifying biogeographical hypotheses based upon cladistic phylogenetic analyses. The branching sequence relating the terminal taxa on cladograms hypothesizes the sequence of vicariance events among the areas inhabited by the terminal taxa. Therefore, geological vicariance events are inferred from distributions of character-states, as summarized by cladograms.
Most studies have been concerned with biogeography of taxa at or above the level of species. However, can hypotheses be derived from populations within a species? Rosen (1978) has provided the logical extension of vicariance theory from geographic comparisons among taxa to geographic comparisons within a taxon; he stated (1978, p. 176 
):
Thus, some kinds of organisms will differentiate at what taxonomists have called the generic or higher levels, some at the level of species, subspecies, race or statistically recognizable population.
The point is that they have differentiated 425 FIG. 1. Study locations of Menidia beryllina in the Mississippi Valley. Mississippi River drainage: 1) Reelfoot L., TN; 2) Miss. R. XE Butler, AR; 3) Miss. R. near Memphis, TN; 4) Moon L., MS; 5) Sardis Reservoir, MS; 6) L. Chicot, AR; 7) Black R., LA; 8) Black R. L., LA; 9) Red R., below Alexandria, LA; 10) Old R., LA; 11) Angola L., LA; 12) Thompson's Creek, LA; 13) Miss. R., km 440, LA; 14) False R., LA; 15) Miss. R. near Baton Rouge, LA; 16) Miss. R. neai St. Gabriel, LA; 17) Bonnet Carre Spillwas. LA; 18) borrow pit near St. James, LA; 19) Miss. R. delta, LA. Lake Pontchartrain drainage: 20) Tickfaw R. at L. Maurepas, LA; 21) ichefunctt" R. at L. Ponuhaitrain, LA; 22) I . Pnnuh.trtiain. I.A; 23) I.. Pontchartrain near New Orleans.
and are potentially informative with respect to the relationships of their area to other areas, a quality that is independent of a taxonomist's particular bias concerning what amount of differentiation deserves species recognition.
The purpose of this paper is to examine the potential of geographic patterns of morphology among demes to make predictions about the relationships of their areas. Morphological differentiation will be demonstrated among demes of the euryhaline fish, Menidia beryllina (Cope), from the Mississippi Valley, and a branching diagram relating these populations will be compared to aspects of the known geological history of the region.
GEOGRAPHIC VARIATION
M. beryllina, the inland silverside, is an atherinid which ranges along the Atlantic Coast from Woods Hole, Massachusetts to Tampico, Mexico. This species is a common inhabitant of rather diverse environments in the Mississippi Valley, and extends northward up the Mississippi River and adjacent waterways to the mouth of the Ohio River, and westward in the Red and Arkansas River drainages (Gilbert and Lee, 1980) .
In the analyses which follow, meristic variables are treated separately from morphometric characters. Previous study has shown meristic variation to be independent of mensural variation (see Chernoff et al., 1981) . Analyses are based upon 1,026 individuals representing 43 locations between the Chandeleur Islands and Lake Charles, Louisiana and inland to Reelfoot Lake, Tennessee (Fig. 1) . The geographic study areas were chosen to allow for morphological change that may occur across many physical gradients {e.g., temperature, depth, flow, conductivity, etc.).
Meristic variation
Previous taxonomic studies (Gosline, 1948; Robbins, 1969; Johnson, 1975; Chernoff et al., 1981) have demonstrated clinal variation for several meristic characters of M. beryllina in the Mississippi Valley, and Chernoff et al. (1981) noted the gradual transition from inland to coastal phenotype when meristic and morphometric variables were analyzed by principal components analysis (PCA).
Principal components were extracted from the correlation matrix of five meristic variables (Table 1) . Results of ANOVA's on the principal component scores (PCscores) indicate that significant differences exist among localities (P < 0.01). Principal component I describes an apparent geographic trend, in which the values of meristic variables increase with increasing latitude (Fig. 2) . The slope of the cline is steepest between coastal populations (beginning with the populations at the Mississippi River delta) and Black River Lake (Fig. 1) , after which the rate of change of phenotype levels off. Considerable phenotypic differentiation occurs at different longitudes within the same latitude (Fig.  2) . Well-marked regions of low PC-scores occur east and west of the Mississippi River (associated with the Lake Pontchartrain system and Lower Atchafalaya Basin-Bay system, respectively).
One must ask whether the observed spatial arrangement of meristic differentiation is significantly different from a pattern of random differentiation. Spatial autocorrelation analysis as advanced by Sokal and Oden (1978a, b) of neighbors and negative spatial autocorrelation denotes morphological dissimilarity. Correlograms display the variation in autocorrelation coefficients with increasing distance, and permit the evaluation of specific geographic hypotheses (Sokal and Oden, 1978a) . However, an a priori hypothesis would introduce circularity into this study. Thus, all possible connections among localities are allowed and are evaluated at 50 km intervals.
The distance-corrected correlogram (Fig.  3 ) displays the distribution of Moran's I-statistic, evaluated under a randomization assumption, for each distance class. Of the 17 autocorrelation coefficients, only four are not significant (P > 0.05). The pattern of meristic differentiation among localities is clearly not random, and the distribution of coefficients on the correlogram resembles the double-depression pattern of Sokal and Oden (1978a, p. 218) . The strong transition from positive to negative autocorrelation within the first five distance classes (up to 250 km) expresses the sharp clinal trend in variation for populations between the coast and Black River Lake. At distances of 350 km and 450 km, comparisons are made among localities in the upper and middle Mississippi River and upper Atchafalaya Basin, and the three coastal basins (skipping over the Mississippi River); as expected, positive autocorrelations are indicated. At distances greater than 450 km, significant negative autocorrelations result from comparison of upper Mississippi River and coastal populations.
The pattern of variation strongly suggests a meristic response to an environmental gradient, more or less oriented with latitude, but specifically related to distance upstream, as well as to heterogeneous patches of environment (i.e., from a longitudinal perspective). Meristic variation with respect to differing environmental conditions is well documented for fishes (e.g., Hubbs, 1922; Barlow, 1961; Fowler, 1970; Fahy, 1972) . However, the interpretation of the response with respect to environmental variation is not clear. Is the resultant morphology simply due to exogenous induction of the phenotype, to selection, or to a combination of these processes? Is the cline stable over space and time? Neither of these questions can be answered directly, but important inferential evidence is provided by the variation of two size classes of an isolated population. The Bonnet Carre Spillway was constructed between the Mississippi River and Lake Pontchartrain just upstream from New Orleans. When the sluice gates are opened, water flows from the Mississippi River down to Lake Pontchartrain; silversides in the spillway probably originated from Mississippi River populations. The individuals treated here were collected in 1967, and according to the Army Corps of Engineers, the gates have remained closed since 1962. The two size classes have significantly different lateral-scale counts (Fig. 4) . This variation is probably not due to immigration of individuals from other populations, but results from the intrinsic potential of the population to produce variation under diverse conditions. Differences between these size classes were also noted for number of predorsal scales and anal-fin rays . This variation may be a function of the reproductive biology of this species, which has pronounced spawning peaks during the spring and fall (Mense, 1967; Cook and Moore, 1970; Chernoff et al., 1981) . As such, developing embryos may experience radically different environmental conditions at the critical times when these features are fixed. In this case, the size-class data would seem to indicate spring-and winter-spawned cohorts for the large and small groups, respectively.
Alternative explanations are that as the fish grow their number of lateral scales increase, or that young fish with more scales have a higher probability of survival. The former alternative is not true of fishes, in general, and certainly not true for this species. The latter alternative seems unlikely if we consider a population from Bighorn Bayou with three size classes. Spring-born progeny from successive years had almost identical means and ranges and the fall cohort was again divergent . Unfortunately, the number of individuals was too low (ca. 10 individuals per size class) for these data to be definitive.
In any event, the stability of the cline or the meristic morphology of a given population may be determined by an exogenous component. As such, characterization of populations depends upon sampling (e.g., the numbers of individuals from different spawnings) and may vary over time. Yearclass variation within populations would seem, therefore, to lower the predictive potential of these populations. Significant meristic variation among size (or year) classes within populations is not unique to M. beryllina but is well noted for the other fishes (e.g., Schmidt, 1921; Lindsey, 1953; Lindquist, 1968) . The underlying cause of variation was shown to be complex by Dentry and Lindsey (1978) , who demonstrated that meristic responses of young zebrafish (Brachydanio rerio) were partly dependent upon the thermal history of their parents. What then is the consequence of reconstructing area relationships based upon characters that respond to environmental conditions? This will be taken up in the discussion.
Morphometric variation
In order to assess the geographic variation of mensural characters, variables were I I FIG. 5. Principal components analysis of morphoinetric data of Menidia beryllina from Reelfoot Lake (squares), Angola Lake (triangles), Lake Pontchartrain near New Orleans (circles), and Lake Cocodrie (diamonds). Left: scatter plot of scores on the first 2 principal components (I, II), each symbol represents at least one individual. Right: map of localities.
first adjusted for size. Although body size is an important component of variation to be studied {e.g., see Gerking, 1966; Johnston and Selander, 1971; Mosimann and James, 1979; Smith, 1981; Chernoff et aL, 1981) , the data at hand are insufficient to examine possible divergences in size among demes. Variables were adjusted for size by regression against the first principal component (extracted from the covariance matrix of log-transformed variables), which is a better measure of size than any single length (Jolicoeur, 1963; Humphries et aL, 1981) ; the regressions utilized the pooled within-group covariance matrix (Gould, 1966; Thorpe, 1976) .
Principal components, and resultant scores, did not identify significant geographical trends of variation when based on all individuals. The divergence in morphometry among all demes is not a simple function of geography, or proximity. However, to explore the patterns of morphological differentiation among demes, two sets of four localities were analyzed. The localities within each set were selected randomly with two constraints: the localities must span several environmental gradients or habitat types, and they must have sample sizes of at least 20. If phenotypes from different locations and habitats cannot be distinguished, then one would expect a random dispersion of individuals among localities on the resultant ordination. PCA is most appropriate because it does not require the a priori assignment of specimens to groups.
The first set included silversides from Reelfoot Lake, Angola Lake, Lake Pontchartrain in the vicinity of New Orleans, and Lake Cocodrie (Fig. 5) . The plot of scores on the first two eigenvectors (Fig. 5) indicates that the populations are recognizable, although some individuals from Lake Cocodrie and Angola Lake are interspersed. PC II (Table 2A) separates the Lake Pontchartrain population from the others on the basis of their larger eyes, longer prepectoral lengths, shorter snouts and shorter prepelvic lengths. In the upper cluster, scores on PC I vary in concert with geography from Lake Cocodrie, inland to Reelfoot Lake.
The second comparison included the Moon Lake, Black River Lake, Bonnet Carre Spillway and Chandeleur Island populations. The principal components (Table 2B ) and ordination of scores on the first two eigenvectors (Fig. 6) show that Chandeleur Island and Black River Lake populations are discrete but the other two demes are not. PC II describes a trend in which body depth is contrasted with preanal and prepelvic length, and sets apart Chandeleur Island specimens. Unlike the previous comparison, the change of phenotype does not correspond to change in latitude. Although coastal or offshore populations have been distinguished from their inland counterparts, this need not be the case. For example, when PCA (Table 2C) was performed on populations from False River, Mississippi River at km 440, and Grand Terre, the resulting ordination (Fig. 7) was not as expected. Fish from the Mississippi River are clearly distinct from the cluster of silversides from False River and Grand Terre. The riverine population has the median fins set more posteriorly on the body and is more gracile in comparison to the latter two populations. The direction of divergence of the False River phenotypes from the Mississippi River phenotypes is particularly significant (discussed below). Both Grand Terre and False River differ significantly from the Mississippi River with respect to environmental variables such as temperature and current.
These results strongly suggest that the morphometric phenotype is, in part, a function of the environmental regime under which the individuals have developed (see Martin, 1949; . That neighbors need not resemble each other morphometrically seems to imply that the environment is extremely heterogeneous and the resultant phenotypes highly localized. However, what is the interaction between the patterns of morphological variation and environmental heterogeneity?
To answer this question, 10 localities (Fig. 8) were chosen in which data for seven environmental variables were available. The environmental data were gleaned from the following sources: Barrett and Gillespie (1975) al. (1974, 1975, 1976) ; Chabrek (1972) ; Dugas and Tarver (1973) ; Hartzog (1975) ; Juneau (1975) ; Sabins (1973) ; and personal observations. In the following analysis, means of environmental variables for two to three years were used; habitat width was coded as narrow, medium or wide.
Canonical correlation analysis was used to measure the association between linear combinations of morphological and environmental variables. This technique extracts eigenvectors from each battery of variables separately, such that the corresponding linear combinations are maximally correlated; successive pairs of eigenvectors are calculated as above and subject to the constraints of orthogonality. The technique is explained in Cooley and Lohnes (1971) , Levine (1977) , Neff and Marcus (1980) , and its geometry is discussed by Bookstein (1980) .
The results of canonical correlation analysis are shown in Table 3 , and indicate a strong association between environmental and morphological factors. To check for spurious correlations, the data matrix Reelfoot Lake, Angola Lake. Lake Pontchartrain, and Lake Cocodrie was randomly divided in half and the canonical correlations and eigenvectors were recomputed (see Neff and Marcus, 1980) ; the results were identical to those shown in Table 3 . Latitude and longitude act as surrogates for other unmeasured variables in the environmental matrix because I do not presume that the other variables are the only factors which may influence morphology.
The first canonical relation has a correlation of .85 between the vectors; note that longitude has a high loading (Table 3 ). The interpretation is that given an increase in temperature, longitude and water flow, and a decrease in pH, the morphometric variables decrease in magnitude, especially body depth, eye diameter and snout length. This relation, at least in part, has been implied in other studies- Hubbs (1941) and Smith (1966) have noted that fish from colder or faster waters had larger heads. The ordination of the first morphological and environmental eigenvectors depicts the high correlation between these vectors (Fig. 9) . The morphometry varies continuously among the localities, but not necessarily in a geographic context. Note for example that the False River population is identical with Bayou Sorel and is intermediate to other lower Atchafalaya Basin and Bay localities (nos. 3, 4 & 6 on Fig. 8) .
The second canonical relation indicates that narrow, deep habitats that are colder with lower pH are associated with fish having shorter snouts, eyes, body depths, preanal lengths and prepelvic lengths (Table 3). The plot of scores on the second canonical axes again demonstrates that the morphological variation associated with environmental variation is not a simple function of geography or proximity of localities (Fig. 10) . However, there exists a ferent (F. L. Bookstein, personal communication). Thus, interpretation may be somewhat difficult. In this section, it was demonstrated that populations are differentiated with respect to each other, and suites of size-adjusted mensural variables are strongly associated with patterns of environmental variation. It is important to realize that correlation does not imply causation. Nonetheless, these correlations imply that expression of the phenotype is environmentally dependent. The experiments of Martin (1949) on genetically uniform strains of trout prove this to be the case. Furthermore, in the examples above, the environment is a better predictor of morphological variation than is geography.
DISCUSSION
The variation of the inland silverside in the lower Mississippi Valley clearly implies a morphological response to a heterogeneous environment. Meristic phenotypes vary in response to broad regimes of temperature and conductivity (correlated with latitude), and are predictable with an isolation-by-distance model. Size-adjusted mensural characters are also sensitive to aspects of the physical environment (e.g., habitat width, depth, pH, flow rates) and are predictable when mapped onto environmental surfaces.
The potential of demes here studied to carry historical information about their areas was investigated by constructing the most parsimonious branching sequence among localities. A Wagner tree was computed for 30 localities (sample sizes 3=20) from the means of mensural variables, each standardized to its variance among all individuals. Based upon the studies of Johnson (1975) , Chernoff et al. (1981) and unpublished observations on menidiine atherinids, Menidia peninsulae was chosen as the primitive sister species to root the Wagner tree. The branching diagram (Fig. 11) does not reflect what is known about the geographical history of the lower Mississippi Valley (see Fuller, 1912; Barton, 1937; Russel, 1940; Fisk, 1944 Fisk, , 1951 Doering, 1956; Curray, 1960; Bernard and Le Blanc, 1965; Deevey, 1965; King, 1965; Thornbury, 1965; Frazier, 1967; Flint, 1971; Gagliano and Van Beek, 1975; Conner, 1977) ; localities within basins assort almost randomly with other basins, rather than interconnect as homogeneous units.
Because historical reconstructions derived either from geological or morphological data are inferential, neither is sufficient to reject the other. In this study, the biogeographical hypotheses formulated from each source could stand as competing alternatives. However, in two cases the geological histories are known (i.e., recorded within the last 260 years) and contradict the area relationships implied by the Wagner tree (Fig. 11) . Note that False River (no. 14) and Reelfoot Lake (no. 1) cluster with coastal localities (see Figs. 1 and 11) . False River, an oxbow lake of the Mississippi River, was confluent with the main river until 1722, and all remaining connections were blocked earlier in this century (Lambou, 1961; Chernoff and Hall, 1979) . Reelfoot Lake was created in 1812 and filled with Mississippi River water dur-ing the New Madrid earthquake (Fuller, 1912; King, 1965) . Although M. beryllina in both Reelfoot Lake and False River have shared their most recent common ancestor with inland silversides from the Mississippi River proper, they are convergent upon coastal phenotypes (Fig. 11) . Alternatively, one could argue that indeed M. beryllina from False River and Reelfoot Lake exhibit the primitive coastal phenotype, and populations in the Mississippi River have diverged in the last 260 years. However, I have examined inland silversides captured in the Mississippi River in the 1800's and they do not possess a coastal phenotype.
The apparent failure of the branching sequence to reflect the geological history of the area is not due to the Wagner algorithm, but is due to the nature of the data. That is, the phenotype of these silversides does not convey the necessary information from which to reconstruct their historical biogeography. This failure is most certainly due to the plasticity of the phenotype under heterogeneous conditions.
An environmentally correlated morphological response is certainly not unique to M. beryllina. Such responses have been clearly demonstrated for the Pacific tree frog, Hyla regilla (Calhoon and Jameson, 1970) and the ceratopogonid fly, Culicoides denningi (Atchley, 1971) . Interpretation of geographic patterns of variation must include a temporal component (Gould and Johnston, 1972; Endler, 1977; Sokal, 1978; Sokal and Oden, 1978b) ; is the pattern stable over some time period? The stability of a pattern will depend upon several factors: the strength and plasticity of the morphological response, and the degree of environmental variation. In the case of Menidia beryllina the meristic variables would appear to be unstable between successive spawnings; no predictions can be made regarding the morphometric variables. Vogt and Jameson (1970) found that the morphology of a single population of the Pacific tree frog varied significantly and rapidly over three years in response to patterns of rainfall and temperature. Sokal et al. (1971) concluded that the morphology of the alate fundatrigeniae stage of the gall-producing aphid Pemiphagus populitransversus varied inconsistently among localities over six years, and was due to either patterns of recolonization or changes in local microclimate. In either event, temporal instability of patterns of variation can only confound the construction of biogeographical hypotheses. A biogeographical hypothesis derived from morphological data should not be dependent upon the time at which the specimens were collected.
A scientific theory or methodology is useful in so far as it allows for the formulation of testable hypotheses, and the limits of the theory can be discovered. Historical biogeographic hypotheses derived from the patterns of morphological differentiation among demes may extend beyond the limits of vicariance theory. Attempts to reconstruct relationships among areas will fail to the extent that geographic patterns of morphology are influenced by an exogenous component and the direction of influence is unrelated to the true pattern of vicariance.
Exogenous components which influence morphological responses can be abiotic or biotic. The former can induce both genetic and non-genetic components of variability (Fowler, 1970; Vogt and Jameson, 1970; Gould and Johnston, 1972; Dentry and Lindsey, 1978) . The morphological response is often a function of the fitness of phenotypes in given ecotones (Endler, 1977) . For example, consider the potential of demes of Biston betularia or Cepaea nemoralis to be informative about historical area relationships (see Clarke and Sheppard, 1966; Clarke et al., 1968) . Furthermore, the effects of character displacement due to competition {e.g., Dunham et al., 1979; Lindsey, 1981) or predation {e.g., Hagen and Gilbertson, 1972; Moodie and Reimchen, 1976) will similarly confound biogeographic analyses.
Understanding the patterns of character variation through space and time are central to the study of biogeography. The underlying mechanisms which produce such patterns are at the root of the speciadonal process (Gould and Johnston, 1972; Endler, 1977) . As such, the components and stabilities of spatial patterns of morphological differentiation among demes must be explored before such patterns are used to generate hypotheses of a higher order. 
